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Tetramethylrhodamine ethyl esterescence correlation spectroscopy (FCS) closely related to the photon counting
histogram (PCH)method,which is used in the case of amixture ofmoleculeswith similar diffusion coefﬁcients,
was applied here for analyzing the binding of the potential-sensitive dye tetramethylrhodamine ethyl ester,
TMRE, to isolated mitochondria both in energized and deenergized states. Fluorescence time traces of
suspensions of TMRE-doped mitochondria representing sequences of peaks of different intensity appeared to
be similar to those of ﬂuorescent beads and TMRE-doped latex particles. The experimental datawere obtained
under stirring conditions which increased the number of events by about three orders of magnitude thus
substantially enhancing the resolution of the method. The statistics of the brightness of identical ﬂuorescent
particles reﬂecting their random walk through the confocal volume was described by a simple analytical
equation which enabled us to perform the peak intensity analysis (PIA) of TMRE-doped mitochondria. The
validity of PIA was tested with ﬂuorescent beads of different sizes and TMRE-doped latex particles.
Mitochondrial energization in the presence of TMRE led to the increase in the number and the intensity of the
peaks inﬂuorescence time traces, the PIA ofwhich allowed us to determinemitochondrialmembrane potential
and additionally a number of mitochondrial particles per ml of the suspension. The value of the membrane
potential on a single mitochondrion was estimated to be about 180 mV in agreement with the data related to
mitochondrial suspensions. Importantly, the PIA method required less than 1 microgram of mitochondrial
protein per measurement.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionIt is generally accepted that membrane potential of mitochondria
being one of themajor forms of energy storage in eukaryotic cells is an
indicator of their functional state [1–4]. Since the discovery of the
membrane potential, different methods of its determination were
suggested ([5] and references therein), among them was the direct
method of measuring the potential with microelectrodes [6]. Though
this approach enabled to measure the membrane potential of
individual mitochondria, its application was limited by the small
size of the organelles. Currently, evaluation of themembrane potential
of an isolated mitochondrion is exerted through measurements of
integral responses of redistributed potential-sensitive ﬂuorescent
probes on a whole mitochondrial population without consideration
of individual features of a solitary mitochondrion. Another modernscopy; PCH, photon counting
DNP, 2,4-dinitrophenol; Δφ,
ne; PIA, peak intensity analysis
nenko).
ll rights reserved.method, ﬂow cytometry, permitting to analyze populations of
ﬂuorescent particles was used for measurements of mitochondrial
membrane potential in 1988 [7], however, except for some speciﬁc
cases of selected dyes [8], its use did not get further progress, possibly
due to the limited sensitivity of measurements of subcellular objects.
Fluorescence correlation spectroscopy (FCS), using a focused laser
beam for excitation, is sensitive enough to detect individual
ﬂuorophoremolecules [9,10] thus providing a basis for a very sensitive
approach to accessing membrane potential of mitochondria. FCS is
frequently used for the measurements of interactions between
labelled proteins and other biopolymers with their unlabelled
counterparts [11–16]. The important particular case is the interac-
tion/binding of probes with isolated intracellular organelles which
was not addressed so far. Recently, FCS was used for measuring the
binding of labelled peptides to liposomes [16]. In the present work we
focused on estimation of membrane potential of isolated mitochon-
dria in suspension by using FCS for measuring the uptake of TMRE by
energized mitochondria.
The conventional procedure when using FCS for binding measure-
ments consists of determination of the autocorrelation function [17].
However in the case ofmitochondrial suspension this approach appeared
Fig. 1. A. Time-resolved count rates from a suspension of ﬂuorescent spheres with
uniform brightness (spheres were 1 µm in diameter). Three peaks have amplitudes
higher than F0 (marked by an asterisk). The signal was recorded under stirring
conditions. B. The dependence of P(FNF0) on F0 for 1-µm beads (curve 1), 0.5-µm beads
(curve 2), and 0.17-µm beads (curve 3). Solid lines are best ﬁt curves using Eq. (4) with
the following A ·B0 and P0: 11,700 kHz and 240 (curve 1); 1600 kHz and 190 (curve 2);
1080 kHz and 1010 (curve 3).
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in the suspension. Another version of FCS may be applied, namely the
PCHmethod, which analyses the differences in brightnesswhile tends to
ignore differences in diffusion [18–20]. The drawback of this method is
that it requires complicatednumericalmethodsbecause of the absence of
analytical solutions. On the otherhand, it looks likely that in the case of so
large objects as mitochondria it may be not necessary to consider the
whole set of intensities found in the confocal volume, rather, one should
consider only the highest brightness, which can be reached when the
particle is maximally close to the center of the confocal volume.
The dye binding to large particles results in the appearance of
peaks of ﬂuorescence due to multiple binding per one particle, along
with the practically invariable ﬂuorescence signal originating from the
unbound dye. The analysis of the ﬂuorescence peaks can presumably
give quantitative information on the dye binding including that on
heterogeneous distribution of the particles. In some studies, authors
ran an analysis of these peaks, in particular, it has been shown that the
area under the peaks is proportional to the concentration of particles
[11,21,22]. However, the systematic analysis of amplitudes and shapes
of peaks has not been done.
In the current study we developed and employed the approach to
analyze intensities of peaks of the ﬂuorescence signals from the
confocal volume for the measurement of binding of dyes to such
objects as mitochondria (peak intensity analysis, PIA). The experi-
mental data were obtained under stirring conditions which increased
the number of events by about three orders of magnitude thus
substantially enhancing the resolution of the method. The approach
was tested in different systems apparently demonstrating its
efﬁciency. Further, it was applied for the analysis of mitochondrial
energization and deenergization. Our method has two main beneﬁts:
it enables one to measure the potential of mitochondria under the
conditions of very low protein concentration in a small volume and
besides, it gives an additional parameter — the number of mitochon-
drial particles per ml of suspension.
2. Experimental
2.1. Materials
Most chemicals were from Sigma, succinate and sucrosewere from ICN. Rhodamine
6G and TMRE were from Fluka, ﬂuorescent beads (or spheres) were from Molecular
Probes (Invitrogen, USA). Non-ﬂuorescent latex beads were from Malvern (UK).
2.2. Experimental setup
The home-made setup was described previously in [23]. Brieﬂy, excitation of
ﬂuorescence and detection utilized a Nd:YAG solid state laser with a 532-nm beam
attached to an Olympus IMT-2 epiﬂuorescent inverted microscope equipped with a
40×, NA 1.2 water immersion objective (Carl Zeiss, Jena, Germany). The ﬂuorescence
passed through an appropriate dichroic beam splitter and a long-pass ﬁlter was imaged
onto a 50-µm core ﬁber coupled to an avalanche photodiode (SPCM-AQR-13-FC,
PerkinElmer Optoelectronics, Vaudreuil, Quebec, Canada). The signal from an output
was converted to a PC with a fast interface card (Flex02-01D/C, Correlator.com,
Bridgewater, NJ). The data acquisition time was 30 s. The ﬂuorescence was recorded
from the confocal volume located at about 50 µm above the cover glass with 60 µl of the
buffer solution added. Most of the data were collected under the conditions of stirring of
the solution by a paddle-shaped 3-mm plastic bar rotated at 600 rpm. The idea of using
stirring in FCS measurements came from the work of Schindler et al. who developed
scanning FCS approach [24]. To calibrate the setup, we recorded the autocorrelation
function from a solution of rhodamine 6Gwhichwas characterized by the correlation time
τD. Assuming the diffusion coefﬁcient of the dye to be D=2.5·10−6 cm2/s, the value of the
confocal sizex =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
D=sD
p
= 0:42μmwasobtained. This value corresponded to the x–y radius
of an ellipsoid of apparent excitation intensity.
2.3. Treatment of the ﬂuorescence signal
Fluorescence traces with the sampling time of 200 µs were analyzed with the help of
WinEDR Strathclyde Electrophysiology Software designed by J. Dempster (University of
Strathclyde, UK). The software, originally designed for the single-channel analysis of
electrophysiological data, enables one to count the number of peaks in the signal having
amplitudes higher than the deﬁned value (F0). Fig. 1A shows a part of the trace from
ﬂuorescent beads of 1.0 µm in diameter. The dashed line in Fig.1A shows a threshold level
(F0=2000kHz) and the softwaredetermines the transitionswith amplitudesexceeding theintensity of F0. In the case of Fig. 1A three peaks marked with asterisk reached the level of
F0. The dependenceof the number of peaks reaching F0 on thevalueof F0 is shown inFig.1B
for the whole 30-s trace. This panel presents the data for 1.0-µm spheres as well as for
spheres of the diameter of 0.5 µm, and 0.17 µm. These dependences will be analyzed in
details in the Background section. In the case of measurements of the binding of TMRE to
latex beads ormitochondria, F0 valueswere corrected by subtraction of the level of the free
dye which was found from the maximum on the PCH histogram.
2.4. Isolation of rat liver mitochondria
Rat liver mitochondriawere isolated by differential centrifugation [25] in amedium
containing 250 mM sucrose, 20 mM MOPS, 1 mM EGTA, 1.2 mg/ml bovine serum
albumin, pH 7.4. The ﬁnal washing was performed in the same medium. Protein
concentration was determined using bicinchoninic acid as described in [26]. Handling
of animals and experimental procedures were conducted in accordance with the
international guidelines for animal care and use and were approved by the Institutional
Ethics Committee of A.N. Belozersky Institute of Physico-Chemical Biology at Moscow
State University.
2.5. Preparation of rhodamine-labelled liposomes
Rhodamine-PE containing liposomes were prepared by evaporation under a stream
of nitrogen of a 2% solution of a mixture of rhodamine-PE and egg yolk phosphati-
dylcholine (both fromAvanti Polar Lipids, mole/mole ratio 1/100) in chloroform (Merck,
Darmstadt, Germany) followed by hydration with a buffer solution containing 200 mM
KCl, 10 mM KH2PO4, pH 7.0. The mixture was vortexed, passed through a cycle of
freezing and thawing, and extruded through 0.1-µm pore size Nucleopore polycarbo-
nate membranes using an Avanti Mini-Extruder. The average diameter was 82 nm
as measured by Zetasizer Nano S (Malvern Instruments). The estimated rhodamine
content was 574 molecules per vesicle (assuming the area per lipid molecule 0.7 nm2,
two sides).
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Kinetics of ﬂuorescence from standard 2-ml cuvettes was recorded with a
Panorama Fluorat 02 (Lumex, Russia) ﬂuorescence spectrophotometer with excitation
and emission slits adjusted to 5 nm.
3. Background
Here we developed a new approach called peak intensity analysis
which allows to estimate the dye binding to nanoparticles from FCS
measurements. Fig.1 demonstrates that there is a broad distribution of
peak intensities even in the case of particles of identical (or very close)
brightness. The reason presumably consists in a distribution of illu-
mination and collection efﬁciency (or apparent excitation intensity) in
the confocal volume and stochastic nature of particle traces with
respect to the center of the confocal volume [9]. It looks reasonable that
to determine the brightness of the particles one should just make the
extrapolation to highest intensity which corresponds to the ﬂuores-
cence read-outwhen the particle is exactly in the center of the confocal
volume. However, this approach ismisleading because of possible dust
presence and/or aggregation of particles. Let us try to ﬁnd an analytical
function of distribution of ﬂuorescence intensities of dot-size particles
of identical brightness (B0) arising from the function of distribution of
apparent excitation intensity inside the confocal volume. It is con-
ventional to consider that the distribution of ﬂuorescence collection
in the confocal volume is close to a three-dimensional Gaussian dis-
tribution [9]. Due to a quasi-cylindrical proﬁle of the function, the
particle trace may be characterized by two parameters — a minimal
distance to axis z, i.e., r, and a coordinate z. If so, the maximal bright-
ness of a ﬂuorescent particle in the case of a Gaussian distribution
will be
F = B0  A  exp −2r2=r20
   exp −2z2=z20 
where A is maximal intensity of light in the center of the confocal
volume. Let us introduce variable x= r / r0, y=z /z0, and R=(x2+y2)1/2.
Then, the maximal intensity will be
F = B0  A  exp −2R2
  ð1Þ
Every event (peak of the brightness) may be characterized by
values of x and y, with a probability of particular values for x and y
being equal. The portion of events having the amplitude more than F0
(i.e., P(FNF0)) is R2 /R02, where R0 is a radius of a circle in the x,y space,
where all events take place. By expressing R through F in agreement
with Eq. (1) we obtain
P F N F0ð Þ = −P0  ln F0A  B0
 
for F b A  B0; and
P F N F0ð Þ = 0 forF N A  B0
ð2Þ
where P0 is a normalizing factor which is proportional to the particle
concentration and depends on the possibility of appearance of a
particle. Of potential interest is another function, N(F), which char-
acterizes the number of events occurring in some interval around
F=F0, which may be easily derived from Eq. (2) by differentiation
N Fð Þ = P0  A  B0
F
:
As it has been shown, in the case of two-photon excitation, the
distribution of the ﬂuorescence collection ﬁts a Gaussian distribution
quite well, which allows to describe PCH [19]. In the case of single-
photon excitationusedwith the confocal optical system, thedistribution
describes PCH very poorly and one should introduce some empirical
corrections that result in better description of experimentally observed
PCH [27]. When the confocal space is populated by particles of sizes
comparable to the size of the confocal volume, their brightness will be a
more complicated function of position of the particles within a givenvolume, which may be determined by a complicated combination of
factors of excitation distribution and space-dependent emission [28]. It
was demonstrated that in some cases the apparent excitation intensity
ﬁts fairly to the Lorentz distribution [29].
F = B0  A  11 + r2=r20 + z2=z20
For this distribution, P(FNF0) and N(F) may be obtained in a similar
way
P F N F0ð Þ = P0  A  B0F0 −1
 
; for F b A  B0; and
P F N F0ð Þ = 0 for F N A  B0
ð3Þ
N Fð Þ = P0  A  B0
F2
Distribution functions (2) and (3) were used for ﬁtting the exper-
imental data to ﬂuorescent spheres of three different sizes. Fig. 2
demonstrates the data and the best ﬁts for spheres of 1 μm in diameter.
It occurred that Eq. (2) essentially overestimates the number of events
of intermediate brightness while Eq. (3) underestimates it (Fig. 2, dash
and dotted curves, respectively). This resultwas not surprising because
of the difﬁculties in description of apparent excitation proﬁle dis-
tribution in the case of one-photon excitation [27,29], speciﬁcally in the
case when the particle size is comparable to the size of the confocal
volume [28]. We found, however, that an intermediate distribution
function between (2) and (3) ﬁts the experimental data quite well
(Fig. 2, solid curve), namely
P F N F0ð Þ = P0 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A  B0
F0
s
−1
 !
forF b A  B0; and
P F N F0ð Þ = 0 forF N A  B0:
ð4Þ
The Eq. (4) was obtained through integration of the function
N Fð Þ = P0 AB0F1:5 , which is intermediate between the functions
N Fð Þ = P0 AB0F and N Fð Þ = P0 AB0F2 (see above). Although Eq. (4) is
empirical, it appeared to be very useful in the analysis of the
experimental data. Fig. 1B presents experimental points and their
best ﬁts by Eq. (4) for ﬂuorescent beads of three different sizes. We did
not renormalize the data and the meaning of P0 in the Eq. (4) was a
factor proportional to the total number of events. The ﬁtting was very
well for all three cases. The Eq. (4) has a parameter A ·B0, which
determines the events of highest brightness which occur when
passing through the center of the confocal plane. The following values
of A ·B0 for different spheres were obtained: 1 μm, 11,700 kHz; 0.5 μm,
1600 kHz; 0.17 μm, 1080 kHz. These values may be compared with
such conventional parameter as brightness per one particle, which
was calculated from the FCS count rate and particle number (N)
obtained from the autocorrelation curve. These measurements gave
1 μm,11,000 kHz; 0.5 μm, 5600 kHz; 0.17 μm, 2100 kHz. Therefore, the
values are qualitatively consistent but quantitatively different. There
might be two major reasons for this difference: (i) the value of the
count rate and N corresponds to average particle events while the
value of A ·B0 is actually the extrapolation to highest brightness, (ii)
the size of the particles comparable to the confocal volume can affect
differently the estimations derived by these two approaches.
A value of A ·B0 should scale the intensity of excitation light for
spheres of a given size. This predictionwas tested for the0.5-μmspheres.
The value A ·B0=1600 kHz (as was indicated above) was obtained with
theuse of a 10-fold neutralﬁlter, itwas 14,300 kHzwithout theﬁlter and
680 kHz with a 40-fold ﬁlter. The values of parameter P0 were very
close differing about 2-fold while A ·B0 differed about 20-fold. Thus, we
observed some deviation from linearity between A ·B0 and the light
Fig. 3. Application of the statistical approach to a mixture of two kinds of beads (1-µm
and 0.5-µm) at different ratios (12:1 curve 1, and 1:5 curve 2). Gray curves are single-
component ﬁts using Eq. (4) with A ·B0=4250 kHz (P0=415, curve 1); A ·B0=2720 kHz
(P0=428, curve 2). Black curves are two-component ﬁts by the following equation
P F N F0ð Þ = P1 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A  B1
F0
r
−1
 
+ P2 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A  B2
F0
r
−1
 
for F b A  B1;
P F N F0ð Þ = P2 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A  B2
F0
r
−1
 
for A  B1 b F b A  B2;
and P F N F0ð Þ = 0 for F N A  B2
with A ·B1=1100 kHz, P1=269, A ·B2=5670 kHz, P2=284 (curve 1); A ·B1=530 kHz,
P1=242, A ·B2=3260 kHz, P2=339 (curve 2).
Fig. 2. A. Different statistics describing the distribution of P(FNF0) versus F0. Eq. (2)
(dashed curve), Eq. (3) (dotted curve), and Eq. (4) (solid curve) were used to ﬁt the
experimental distribution for 1-µm beads (open circles). B. The dependence of P0 on the
concentration of 0.5-µm beads.
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deviations either to non-linear effects of light or to far-from-the-dot
character of the particles.
To test the suitability of the suggested approach with respect to
counted particles, we measured the concentration dependence of P0
for 0.5-μmparticles through ﬁtting the P(FNF0) versus F0 plot (Fig. 2B).
One can see that the P0 value increased linearly with the rise in the
concentration of beads and reached saturation at a concentration of
about 108 particles per ml. This was apparently due to the presence of
more than one particle in the confocal volumewhich was inconsistent
with the single-particle approximation. This limit in the concentration
of particles enabled us to estimate the observation volume of the
setup 1ml
108
= 104μm3 which corresponded to the radius of 13 μm. Thus,
the effective radius of observation (R0) essentially exceeded the radius
of the confocal volume estimated as 0.42 μm in our case. This result is
in line with the analysis of [29] and also [27] showing that in the case
of one-photon excitation the confocal volume can hardly be described
by a three-dimensional Gaussian equation due to the existence of a
long “tail” beyond the “waist” deﬁned by ω. The large value of R0 also
resulted from the high brightness of the particles which can be
recorded by a sensitive detector even at low excitation intensities.
It was important to test this approach with a system consisting of a
mixture of particles of two different sizes. Fig. 3 demonstrates the data
for a mixture of 1-μm and 0.5-μm spheres taken at different ratios —
12:1 (curve 1) and 1:5 (curve 2). Curves of single-componentﬁtting are
shownwith gray color and those of two-components—with black. It is
clear that the single-component ﬁt has an essential deviation from the
experimental curve especially for curve 1,while the two-componentﬁtdescribes the experiment well. However, the two-component ﬁtting
gives values of brightness of 5670 kHz and 1100 kHz for curve 1 and
3260 kHz and 530 kHz for curve 2which differ signiﬁcantly from initial
measurements taken individually (i.e.11,700 kHz for 1-μmspheres and
1600 kHz for 0.5-μm spheres). Thus, the approach does not allow to
evaluate reliably the brightness in the case of heterogenous particles.
The single-component ﬁtting gives some averaged brightness which
depends on the weighted contribution of particles having different
individual brightnesses in the population.
4. Results
4.1. Binding of TMRE to latex beads
In the Background sectionwe described the application of Eq. (4) to
the analysis of the brightness of individual spheres and their mixtures.
To test the validity of such approach to analyze the measurements of
the brightness of mitochondria, one more step is required because
there are not only particles of some brightness but also free molecules
of the dye are present in these experiments which also contribute to
the total ﬂuorescence from the confocal volume. Therefore we
explored TMRE binding to non-ﬂuorescent latex beads.
After the addition of 100 nM TMRE, the ﬂuorescence level reached
the value of 43 kHz. The subsequent addition of non-ﬂuorescent latex
beads (0.8 μm in diameter) resulted in an increase of the ﬂuorescence
level up to 275 kHz. This increase in the count rate can be attributed to
the binding of the dye to the surface of the beads which causes an
increase in the quantum yield as it strongly depends on the local
polarity [30]. Fig. 4 shows the P(FNF0) versus F0 plot for three different
concentrations of TMRE for the 0.8-µm latex beads. When the
experimental data were analyzed for evaluation of the brightness,
the contribution of free dye in the solution (whichwas determinedbya
maximumon a histogram of a signal distribution) was subtracted. This
level rose in parallel to the increase in the dye concentration. In turn,
the rise in the TMRE concentration resulted in a shift of the distribution
function towards higher values (Fig. 4), with a total number of events
being very close. The data ﬁtting by Eq. (4) gives the following values of
the parameter A ·B0: 520 kHz, 1500 kHz, 5400 kHz at TMRE
Fig. 5. A. Time-resolved count rates from a suspension of rat liver mitochondria in the
incubation buffer (0.26 mg/ml) in the presence of 7 µM rotenone (curve 1), after the
addition of 7 mM succinate (curve 2), and after the addition of 100 µM dinitrophenol
(curve 3). The signal was recorded under stirring conditions in solution: 250 mM
sucrose, 20 mMMOPS, 1 mM EGTA, pH 7.4. B. Corresponding dependence of P(FNF0) on
F0 (circles) and curve ﬁts by Eq. (4) with A ·B0=400 kHz (curve 1), 1910 kHz (curve 2),
and 810 kHz (curve 3); P0=3000 (curve 1), P0=8200 (curve 2), P0=3100 (curve 3).
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3), respectively. A ·B0 rose with the increase in TMRE concentration in
the solution suggesting the increase in the binding of the dye.
The dependence of A ·B0 on TMRE concentration is shown in the
insert to Fig. 4. It is noteworthy that the experimental data were ﬁtted
better by the theoretical curve at high concentrations of the dye
compared to lower concentrations. It could be accounted for by
statistical distribution of dye molecules under the conditions of their
low number per particle. At higher dye concentration the binding
was more uniform and the scattering of the bound dye per particle
decreased.
4.2. Binding of TMRE to isolated mitochondria
The permeant cationic dye TMRE is frequently used for recording
the mitochondrial membrane potential. Fig. 5A shows records of
ﬂuorescence of 30 nM TMRE measured in the presence of mitochon-
dria (at a concentration of 0.26mg/ml)without an oxidizable substrate
in the presence of rotenone (curve 1), after the subsequent additions of
succinate (curve 2) and 100 μM2,4-dinitrophenol (DNP, curve 3). Thus,
the mitochondria were initially in the deenergized state without a
substrate and did not respire while further they were energized, i.e.
the membrane potential was generated. After the addition of the
uncoupler DNP, themembrane potential was collapsed and respiration
reached its maximal values. The data were obtained under constant
stirring which shortened the transit time through the confocal volume
down to approximately 0.5 ms. Stirring also allowed to increase
the number of events (i.e., signal peaks) by about 1000 times. Fig. 5A
demonstrates that mitochondrial energization resulted in the appear-
ance of ﬂuorescence peaks of high intensity which corresponded to
accumulation of TMRE inside mitochondria driven by membrane
potential generation. Fig. 5B shows the same data processed in theway
described in Experimental section. In addition to visual qualitative
evaluation shown in Fig. 5A, the quantitative analysis demonstrated an
essential rise in a number of peaks of high amplitude in energized
mitochondria (Fig. 5B. curve 2). Actually, the number of events (P),
corresponding to F0N450 kHz, was 97 without a substrate, 11,340 with
succinate and 990 after the addition of DNP.
These data were obtained at a mitochondrial concentration which
is conventionally used in polaroghraphic and potentiometric experi-
ments with isolated mitochondria. However, the ﬂuorescence record
(Fig. 5A) demonstrates that more than one particle may be present
simultaneously within the observation volume. Fig. 6A gives a plot of
P0 versus protein concentration which shows non-linearity when the
protein concentration is over 0.04 mg/ml. Importantly, the parameterFig. 4. Binding of TMRE to 0.8-µm latex beads. TMRE concentrationswere 0.1 µM (curve 1),
0.03 µM (curve 2), and 0.01 µM (curve 3). Lines are best ﬁts by Eq. (4) with A ·B0=5400 kHz
(curve 1), 1500 kHz (curve 2), and 520 kHz (curve 3). Insert: dependence of A ·B0 on the
TMRE concentration.A ·B0 did not vary with the protein concentration in the range of
0.001–0.04 mg/ml (data not shown). Therefore, to measure correctly
the parameters of the suspension, experiments should be done at a
low protein concentration. Fig. 6B and C presents the traces of the
ﬂuorescence intensity and a plot of P(FNF0) versus F0 made at a
protein concentration of 0.0044 mg/ml, i.e, when the condition of a
single-particle-in-a-volume is valid. These data are qualitatively the
same as in Fig. 5 but the ﬁtting curves using Eq. (4)) described the
experiments of Fig. 6B very well. The value of A ·B0 was estimated as
6600 kHz under energized conditions. The parameter P0 was
estimated as 540 which corresponds to the concentration of 1.3 ·107
particles per ml if the data from Fig. 2B are used for calibration. This
concentration corresponds to 2 ·109 particles per mg of protein which
is in agreement with the data on the number of mitochondrial
particles per mg published previously [31,32].
Fig. 7A shows the P(FNF0) versus F0 plot for energizedmitochondria
exposed to different DNP concentrations. As the DNP concentration
rose, the P(FNF0) decreased almost proportionally in the whole range
of F0 studied. Fig. 7B and C shows the concentration dependences of
the parameters A ·B0 and P0, respectively, determined by ﬁtting the
experimental curves to those obtained according to Eq. (4). Low
concentrations of DNP (5–20 µМ) caused a substantial decrease in the
parameter A ·B0 and also in P0.
It was interesting to compare these data with the measurements
of average characteristics of the entire mitochondrial suspension.
Fig. 8A gives a recording of ﬂuorescence taken from a macrovolume,
Fig. 6. A. The dependence of P0 on the concentration of mitochondria. B. Time-resolved
count rates from a suspension of rat liver mitochondria in the incubation buffer
(0.0044mg protein/ml) in the presence of 7 µM rotenone (curve 1), after the addition of
7 mM succinate (curve 2), and after the addition of 100 µM dinitrophenol (curve 3). The
signal was recorded under stirring conditions in solution: 250 mM sucrose, 20 mM
MOPS, 1 mM EGTA, pH 7.4. C. Corresponding dependence of P(FNF0) on F0 (circles) and
curve ﬁts by Eq. (4) with A ·B0=1880 kHz (curve 1), 6605 kHz (curve 2), and 2755 kHz
(curve 3); P0=400 (curve 1), P0=536 (curve 2), P0=314 (curve 3).
Fig. 7. Effect of 2,4-dinitrophenol (DNP) on the binding of TMRE to mitochondria
(0.013 mg protein/ml) in the presence of succinate. The conditions were the same as in
the legend to Fig. 6. DNP concentrations were 0, 5, 10, 15, 20, 25, 30, and 100 µM for
curves 1, 2, 3, 4, 5, 6, 7, and 8, respectively. A: the plot of P(FNF0) versus F0, B and C: the
dependence of A ·B0 and P0 on the concentration of DNP, respectively.
2187I.V. Perevoshchikova et al. / Biochimica et Biophysica Acta 1778 (2008) 2182–2190i.e., from a 2-ml cuvette in a conventional ﬂuorimeter under con-
ditions similar to those described in Fig. 6 (excitation at 532 nm,
emission at 580 nm). It is seen that mitochondrial energization did
not lead to a change in the ﬂuorescence level at these low con-
centrations of the protein. This shows that the dye redistribution
upon energization did not affect the total ﬂuorescence signal in the
case of TMRE. Scaduto and Grotyohann [33] showed that under the
conditions of higher protein concentration, energization of mito-
chondria led to a change in the TMRE ﬂuorescence level especially
using ratiometric measurements. In the experiments presented inFig. 5 the time-averaged values of the signal were 390, 395 and
510 kHz without succinate, with succinate and with DNP, respec-
tively. More detailed analysis of the ﬂuorescence signal can be
performed from the PCH which shows the distribution of probability
to detect a certain number of photons per sampling time [19]. Fig. 8B
presents PCH for the same conditions as in Fig. 5. It is seen from the
PCH that energization (Fig. 8B, curve 2) resulted in the appearance
of noticeable probability of detecting high-intensity signals, while
the main part of PCH (determined by the ﬂuorescence of TMRE
molecules in solution and those bound to mitochondria at the
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analysis of ﬂuorescent particles presented above (Fig. 5B) deals with
a relatively small portion of the total ﬂuorescence signal which
originates from mitochondria occurring rather close to the center of
the confocal volume and having the brightness that exceeds the
ﬂuorescence ﬂuctuations (the latter can be associated with the ﬂuc-
tuations of TMRE concentration in the medium or with the detector
noise). It should be noted that the shape of PCH at a low protein
concentration, as in the experiment presented in Fig. 6B, practically
did not depend on mitochondrial energization and corresponded to
that of unbound dye with a small shift to higher intensities (data not
shown).
The direct experimental approach to estimate the dye uptake is
to measure ﬂuorescence from the solution after centrifugation of
mitochondria. It was found that the binding comprised 27.3% in the
case of deenergized mitochondria under the same conditions as in
Fig. 5. The addition of succinate increased the TMRE uptake up to
51.4%. Thus, substantial non-speciﬁc binding of the dye to mitochon-
dria took place which was independent of the mitochondrial
membrane potential. These data are in close agreement with the
results obtained by [33]. The directly measured increase in the TMRE
uptake (about two-fold) can be compared to the uptake determined
by PIA (Fig. 6) where the increase in the A ·B0 parameter was about
3.5-fold. The difference can be attributed to a different level of Δφ —
independent binding of TMRE under PIA conditions due to lower
concentration of protein used in these experiments.Fig. 8. A. Kinetic measurements of macroscopic ﬂuorescence changes in a suspension of
mitochondria doped with TMRE (30 nM). First arrow indicates the addition of TMRE to a
suspension of mitochondria (0.004 mg/ml) in the presence of 7 µM Rotenone. Arrow 2,
the addition of 7 mM succinate; arrow 3, 100 µM dinitrophenol. Excitation 532 nm,
emission 580 nm. B. Photon counting histogram generated by the FCS setup for the
conditions described in Fig. 5A.5. Discussion
The aim of the present work is to formulate an approach to estimate
the value of the membrane potential (Δφ) at the level of an individual
mitochondrion. First, let us estimate the value of Δφ for the whole
mitochondrial suspension from the data on the uptake of TMRE in
mitochondria sedimentation experiments. This conventional estimation
is based on the Nernst equation taking into account the inner and outer
concentration of the permeant cation Du = RTF log TMRE½ in= TMRE½ out
 
,
where RT/F is a factor close to 59 mV at room temperature. This
estimation requires knowledge of themitochondrial matrix volume Vin.
It was determined by the measurements of the sucrose-inaccessible
matrix volume and gave the value of about 1 μl/mg of protein in
300 mOsm solutions [34]. These values were conﬁrmed independently
by electron microscopy [31]. In our binding experiments, the outer
volume was 2 ml whereas the inner volume (protein concentration
0.12 mg/ml) can be estimated as Vin=1(μl/mg) ·0.12(mg/ml) ·2(ml)=
0.24 μl. Taking into account the non-speciﬁc TMRE binding, we can
calculate that 51.1%−27.3%=23.8% of added TMREwas insidemitochon-
dria and therefore the TMRE concentration inside was 0.238·2 ml/
0.00024 ml≅1993 times higher than that in the extramitochondrial
space (30 nM). After reaching the steady state, the outer concentration
became (1−0.511) ·30 nM≅15 nM. This gives 212 mV according to the
Nernst equation. The average value of Δφ from three independent
experimentswas estimated to be 203±17mV. This valuewaswithin the
range of Δφ presented in the literature (from 150 mV to 220 mV, see
[2,35]).
To estimate the value of the membrane potential of an individual
mitochondrion, one should know the number of TMRE molecules
per mitochondrion in an energized state. This can be derived from
the value of the parameter A ·B0 and the ﬂuorescence intensity of
single TMRE molecules. The last parameter can be determined from
the measurements of the autocorrelation function in the TMRE
solution, which gave the count rate of 3.3 kHz per TMRE under our
experimental conditions. Alternatively, one can measure the
parameter A ·B0 for liposomes containing 1% of rhodamine-labelled
lipid by the PIA analysis (see Experimental section). These mea-
surements gave the value of 1.3 kHz per rhodamine molecule, which
is somewhat lower than conventional FCS estimation. It appeared
appropriate to use the value derived from the measurements of
liposomes because mitochondrial TMRE binding was estimated by
the same approach. As A ·B0=6600 kHz at [TMRE]out=30 nM in the
presence of succinate, one mitochondrion contained about 6600/
1.3=5120 TMRE molecules. The average value of A ·B0 for ﬁve
independent experiments was 7300±560 kHz. Again, we should
correct this value for Δφ-independent binding as in the case of bulk
solution measurements. In the deenergized state, A ·B0 was about
2000 kHz which decreases the number of TMRE molecules to 3580.
To calculate the [TMRE]in, one should know the matrix volume per
mitochondrion (Vin,sin gle). Electron microscopy data give the
average value Vin,sin gle=0.17 μm3 for isolated rat liver mitochondria
[31]. Therefore, TMRE½ in = 3580mol61023 0:1710−15li35AM. One can neglect the
small decrease in the outer TMRE concentration because of the low
protein concentration in these experiments. This leads to
Δφ=181 mV according to the Nernst equation. The accuracy of
this estimation was determined by the preciseness of the value of
the matrix volume because the deviation of the parameter A ·B0 was
small and led to changes in Δφ only by several millivolts. Thus, the
values of the membrane potential determined by the two
approaches (the measurements at the level of mitochondrial
suspension and those of individual mitochondria) differed by
about 10% from each other.
The addition of low concentrations of DNP led to a decrease in the
particle brightness A ·B0 (Fig. 7) in quantitative agreementwith the data
obtained by conventional methods. In fact, it was shown, for example,
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surements gave 14 mV (calculated from the data shown in Fig. 7). The
decrease in the number of particles P0 also observed upon addition of
DNP could bedue to the existence of smaller than averagemitochondria
whose ﬂuorescence dropped below the threshold of the detector
counting the presence of particles in the suspension. This assumption is
supported by the fact that the decrease in the parameter A ·B0 observed
upon lowering the excitation power was also accompanied by the
decrease in the parameter P0 (data not shown).
In this study, we proposed a novel approach for the analysis of
mitochondrial energization at the level of solitary mitochondria. The
alternative tool mentioned above is ﬂow cytometry [37,38] which
provides a distribution of brightness over particles. It turns out that
ﬂow cytometric measurements of isolated mitochondria were
performed with potential-sensitive dye JC-1. This dye is potentially
very attractive for measuring mitochondrial membrane potential
because it allows ratiometric measurements. At low concentrations,
when the dye is in the monomeric form (as in the mitochondrial
matrix when the membrane potential is low), its ﬂuorescence is
green, while at high concentrations, when the dye molecules form
aggregates (as in the matrix when the membrane potential is high),
mitochondrial membrane potential can be optically measured by
the orange/green ﬂuorescence intensity ratio [39]. However, there
are several disadvantages: (i) inability to run dynamic studies of
energization [40], (ii) direct interaction of J-aggregates with H2O2
and some inhibitors, i.e., azide, (iii) pH-sensitivity of aggregation
[41], (iv) the involvement of photodynamic damage makes the data
sometimes misinterpretable [42]. These and other points make the
use of this dye problematic. Unfortunately, the majority of potential-
sensitive dyes have drawbacks and the interpretation of the ﬂuo-
rescence readouts is not straightforward (see thoroughful analysis of
the redistribution dyes usage in [43]. Obviously, ﬂow cytometry of
isolated mitochondria requires the use of a probe with a high
quantum yield such as JC-1 because of the limited sensitivity of the
method.
Our approach represents a particular case of the PCH analysis,
which has been developed earlier in a general form [19,20,44]. While
the PCH analysis considers an arbitrary mixture of ﬂuorescent
molecules, the PIA deals with the system where multiple binding of
ﬂuorescent molecules to nanoparticles takes place. Besides, PCH
methodology considers the entire ﬂuorescence trackwhilewe analyze
the peak heights only. Due to these simpliﬁcations it was possible to
describe experimental data by a simple equation while the PCH
approach deals with the system of non-linear equations which are
solved numerically.
In general, the application of PIA to monitor energization of
isolated mitochondria via the uptake of the membrane potential
probe, TMRE, was quite successful. The PIA approach to measuring
membrane potential with ﬂuorescent dyes had substantially higher
sensitivity than the conventional integral technique, for it requires
three orders of magnitude less amount of mitochondrial protein for a
measurement (less than 1 µg). This approach allows to weigh two
parameters in the system: average particle brightness (which
corresponds to the magnitude of membrane potential) and concen-
tration of ﬂuorescent particles in a suspension. It provides more
information on a system compared with conventional approach that
measures a concentration of a permeating cation in solution and gives
only the estimation of the membrane potential. In general, when the
conventional FCS is used, the autocorrelation function also provides
the number of particles and brightness per particle. However, under
the conditions of a multi-compartment system when the dye may be
bound and/or present in solution, the data are hardly interpretable.
Our approach allows to extract those events which correspond to the
bound dye thus essentially simplifying the interpretation.
The analysis based on the PIA can be applied to studying other
mitochondrial parameters which can be assayed by the ﬂuorescentprobes. Most interesting are oxidative stress reporters (as DCF-H2 or
dihydrorhodamine 123), or intramitochondrial calcium ion probes
(Rhod-2 or X-Rhod-2), etc. Mitochondrial probes based on ﬂuorescent
proteins can be also used [45].
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